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Two alloys, Ti-6A1-2V and T1-2A1-16V, simulating the alpha and beta phases of Ti *ai iv 
spectively, were prepared with oxygen concentrations' from 0?07 to 0 65 St pet (0 20 t fuS * jL? 
Their nucrostructure, deformation behavior, and strength were investigated wi& X tv SSJ^ 
microscopy, and mechanical tests to determine the effects of oS R cnZ^l^Zn^Lf^ ° n ' 
In both alloys the hardness increases in identical fashion t£S5S?SJS^^SS5S 
The alloys' strengths also depend on heat treatment, but in different ways SSSS' 



embrittler.jalthough it reduces (he ductility of thfteJaUoA ^ " " nC " 



I. INTRODUCTION 

OXYGEN is the most important interstitial solute in ti- 
tanium alloys because it strongly influences microstructural 
and mechanical properties. It is always present in significant 
concentration m commercial products. Most commercial 
titanium alloys contain concentrations between 0. 10 and 
U.20 wt pet oxygen which significantly affect the mechani- 
cal properties.'- 4 In fact, oxygen.is often used as an alloying 
element to achieve desired strength levels or fatigue per" 
formance, although such strengthening usually decreases 
the fracture toughness. 6 

The mechanical properties of alpha/beta titanium alloys 
have been the subject of much research of which only some 
is cited here. 7 " 12 Deformation of the alpha phase of Ti-6A1- 
4 V was investigated as a function of oxygen concentration 
and aging temperature. 13 - 19 Investigations have also been 
made on other near-alpha titanium alloys. 20 " 23 In com- 
parison, there is little information on the mechanical behav- 
ior of the minority beta phase in Ti-6Ak4V. 16,17 But there has 
been considerable interest in recent years in beta alloys of 
similar compositions. 24 " 29 The individual contributions of 
alpha and beta phase on the alloys' mechanical properties 
are not clear. There is a widely held belief that the alpha 
phase is responsible in a dominant way for the mechanical 
properties of a + (3 Ti-6A1-4V alloys because of its large 
volume fraction. Also, the age-hardening of Ti-6A1-4V has 
been assumed to be controlled by microstructural changes 
m the alpha phase, based on experimental evidence of fine 
<*2 (Ti 3 Al) precipitation, 13 - 30 ' 31 and based on explanations of 
oxygen ordering 1 " 2 and of decomposition of chemically 
homogeneous a '-laths into a .+ p. The precipitation of 
secondary alpha m beta phase regions during aging is also 
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well documented, 13 - 33 but in the Ti-6A1-4V alloy it has been 
given little attention because of the relatively small volume 
traction of beta. A few have argued otherwise. For example 
Lasalmonie et al. concluded from microhardness experi- 
ments that not the alpha phase but the minority beta phase 

• P r,nC1 P all y responsible for age-hardening of T1-6AI- 
4v alloy. 

The present work was undertaken to obtain a better under- 
standing of the relative roles of alpha and beta phases in 
two-phase ntanium alloys, in particular Ti-6A1-4V alloy 
The objective was to evaluate the microstructure and the 
mechanical behavior of alpha and beta separately By pre- 
paring two alloys, simulating the compositions of alpha and 
beta phase, respectively, in T1-6A1-4V the uncertainty aboul 
their individual contributions that arises from phase, inter- 
acton in alpha/beta mixtures 8 ' 9 is removed. The responses 
ot alpha and beta alloys to heat treatment and to oxygen 
concentration can then be assessed individually and theii 
respective behaviors can be compared with that of a two- 
phase Ti-6A1-4V alloy. 

The equilibrium phase ratio of the Ti-6A1-4V alloy as a 
function of temperature and oxygen concentration is shown 
in Figure 1, according to Kahveci and Welsch. 34 With in- 
creasing oxygen concentration the phase ratio changes to- 
ward more alpha and the transus temperature T, between 
alpha and beta is raised according to: 34 

[1] 



T, (°C) = 937 + 242.7[0] 



where [O] is the oxygen concentration in weight percent. 
Ihe chemical compositions of the phases vary with the 
phase ratio. These are indicated in Figure 1 by letters ® 
through © for a Ti-6A1-4V alloy of less than 0.1 wt pet 
oxygen. The data are from Castro and Seraphin. 30 The ele- 
ments Al and V partition into the alpha and beta phases 
respectively. At 550 °C, for example, the vanadium concen- 
tration in the beta phase of an oxygen-lean alloy has in- 
creased to about 16 wt pet, and the aluminum concentration 
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Quenching Temperature (°C) 

Fig. 1 — Equilibrium volume fractions of alpha and beta phases in Ti-6A1- 
4V alloy as a function of temperature (from Kahveci and Welsch 34 ). The 
compositions of the phases vary with volume ratio. The letters (a) through 
(e) indicate the beta compositions for an oxygen-lean Ti-6Al-4Valloy 
(from Castro and Seraphin 30 ). 0 Ti-2AM6V, 0 Ti-3AM4V, © Ti- 
4A1-8V, @ Ti-5A1-5V, and ©Ti-6A1-4V. 

has decreased to about 2 wt pet. Correspondingly, the alpha 
phase is enriched with aluminum to about 6.4 wt pet, and is 
depleted in vanadium to about 2.7 wt pet. Below 550 °C 
there are no significant concentration changes because dif- 
fusion is sluggish. With these considerations the com- 
positions of the alloys to simulate the alpha and beta phases 
of T1-6A1-4V were chosen as Ti-6A1-2V (alpha) and Ti-2A1- 
16V (beta). They were produced with a wide range of oxy- 
gen contents to encompass and exceed the concentrations 
encountered in commercial two-phase titanium alloys. 



H. EXPERIMENTAL 

Alloy Preparation: The alloys were prepared with the 
consumable electrode arc melting technique.* They were 

*in collaboration with RMI Corporation, Niles, Ohio. 

cast into ingots, forged, and hot-rolled into 12 mm thick 
plates. An effort was made to keep identical compositions, 
except for systematic changes in oxygen concentration. 
The high oxygen concentrations were achieved by blending 
Ti0 2 powder into the consumable electrode. The actual 
compositions of the alloys are shown in Tables I and II. 
Throughout the paper the concentrations are in weight per- 
cent, unless indicated otherwise. 

To obtain standardized microstructural conditions all 
specimens were encapsulated in quartz tubes in vacuum 
of better than 1CT 3 Pa, solution-heat-treated and water- 
quenched (STQ) to obtain single phase with uniform ele- 
ment distribution. Because of the strong influence of oxygen 
on the a/f$ transus temperature of the alpha alloys, the 
solution treatments were chosen in relation to the tran- 
sus temperature-, and carried out at 40 degrees below the 
oc/a + (3 transus temperatures, i.e., at 840 to 940 °C for 
the lowest and highest oxygen concentrations, respectively. 
The beta alloys were all quenched from 950 °C, irrespec- 
tive of oxygen concentration. Finally, some specimens were 



Table I. Chemical Composition of 
Alpha Alloy, Ti-6A1-2V (in Wt Pet) 



Al 


V O 


Fe C N 


H 


6.0 
6.0 
6.0 


1.9 0.070 
2.0 0.202 
2.2 * 0.651 


0.04 0.01 0.010 
0.03 0.02 0.015 
0.05 0.01 0.018 


0.0051 
0.0147 
0.0092 


Table II. Chemical Composition of 
Beta Alloy, Ti-2AM6V (in Wt Pet) 


Al 


V O 


Fe C N 


H 


.2.0 
2.0 
1.8 


16.2 0.132 
15.4 0.204 
14.8 0.585 


0.07 0.02 0.014 
0.06 0.01 0.018 
0.05 0.03 0.014 


0.0094 
0.0090 
0.0046 



aged at 350 °C or at 550 °C, again while encapsulated in 
vacuum. Bulk diffusion data indicate that at 350 °C oxygen 
has some diffusive mobility, while substitutional elements 
are frozen-in. 35 At 550 °C both interstitial and substitutional 
elements are mobile. 

X-ray Diffraction: All specimens for X-ray diffraction 
studies were cut perpendicular to the rolling direction to 
minimize the texture effect. 36 The specimen sizes were 
20 x 10 x 3 mm 3 . After heat treatment a 0.8 mm thick 
layer was ground off to eliminate possible surface layer 
contamination. Polished specimens were examined in a 
Philips powder diffractometer with nickel-filtered copper- 
Ka monochromatic radiation at a scanning speed of 
0.005 deg/sec. 

Microscopy: Samples for optical microscopy were 
ground and mechanically polished with aluminum oxide 
powder, then etched in a solution of 5 pet HF, 10 pet HN0 3 , 
and 85 pet water. Samples for transmission electron micros- 
copy were thinned by twin-jet electropolishing at —40 °C in 
a solution of perchloric acid, n-butyl alcohol, and methanol 
with the volume ratio 6 : 35 : 60. 

Hardness:, Samples for Vickers hardness testing were 
ground and polished with conventional metallographic 
methods. A Leitz Vickers tester was used for the mea- 
surements at indentation load of 2 kilograms. Ten mea- 
surements were taken from each sample. 

Tensile Tests: The test samples were rectangular prisms 
with 6x3 mm 2 cross section and 25 mm gage length. A 
spindle-driven testing machine was used for the tests. The 
strain rate was approximately 3 x 10~ 4 /second. 

Fracture Surface: The fracture surfaces of tensile- 
ruptured specimens were examined in a scanning electron 
microscope (SEM) generating secondary electron image at 
an incident electron beam energy of 35 keV. 



HI. RESULTS AND DISCUSSION 

A. Phases and Micro structures 

1. Alpha Alloy: The X-ray diffraction data in Figure 2 
reveal that the alpha alloy has hep crystal structure for all 
oxygen concentrations and heat-treat conditions. No evi- 
dence of ordered phase was found by X-ray diffraction. In 
TEM, however, superdislocation pairs were found in the 
STQ alloy with 0.65 pet oxygen; see Figure 3(b). The latter 
suggests ordering of oxygen in the alpha alloy. We believe 
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Fig. 2 — X-ray diffraction spectra of alpha alloy Ti-6A1-2V with different 
oxygen contents and in different heat-treat conditions. No structure changes 
are detected. 



that dislocation structure is a more sensitive indicator of 
ordering than diffraction because the diffraction intensity of 
the ordered sublattice may be too weak to be detected. 
Oxygen ordering is known to occur at concentrations of 
wt pet (9 at. pet) in interstitial sites in every second, 
plane parallel to the basal (0001) plane. 37 The question 
arises whether the superdislocation pairs in Figure 3(b) 
could possibly be due to ordering of aluminum. This ques- 
tion is justified because oxygen reduces the solubility of 
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Fig. 3 — Dislocations in alpha alloy of different oxygen concentrations. All are in the STQ condition, (a) 0.07 
pet oxygen: random distribution of a-dislocations. imaged with g = [OTll], top, and with g = [OlTl], bottom. 
(b ) 0 . 65 pet oxygen: superdislocation pairs , a-type , imaged with g = [ 10 1 1 ] , top , and with g = [TO 1 1 1 , bottom. 
The distance between dislocations of each pair does not change when the sense of g is reversed. This fact 
indicates the dislocation pairs are superdislocations. 
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aluminum in titanium. 38,39 Also, Gehlen 40 had found en- 
larged octahedral holes in Ti 3 Al making preferential uptake 
of (oxygen) interstitials in Ti 3 Al likely. This can be inter- 
preted that oxygen favors the formation of aluminum- 
ordering, the so-called a 2 phase (Ti 3 Al). Oxygen does in 
fact promote the precipitation of Ti 3 Al, as will be shown 
below. However, superdislocation pairs were not found in 
samples in which there was diffraction evidence of Ti 3 AI 
(see Figure 5), and therefore we conclude that they are 
evidence of oxygen-ordering in the alpha lattice. 

The optical micrographs in Figure 4 show that the la- 
mella structure of the alpha with 0.20 pet oxygen does not 
change during aging. The alloys with 0.07 and 0.65 pet 
oxygen behave similarly. However, weak electron diffrac- 
tion spots of Ti 3 Al were found after 550 °C aging (Fig- 
ures 5(b) and (c)). The diffraction spot intensities were 
analyzed with a densitometer, and were normalized by set- 
ting the intensity of the alpha (0224) diffraction spot_to 
unity. The normalized diffraction intensity of Ti 3 Al (0111) 
increases from 0.08 to 0.22 as oxygen concentration in- 
creases from 0.07 to 0.65 pet. This is evidence that oxygen 
enhances the precipitation of Ti 3 Al, in agreement with the 
findings of Namboodhiri et al., 3S Truax and McMahon, 39 
and Lim et al. 41 

2. Beta Alloy: In the STQ condition the beta alloys with 
0.13 and 0.20 pet oxygen contain the orthorhombic a" 
martensite 42 phase (Figure 6). The needle structure of the 
a" phase is shown in Figures 7(a) and (b). However, in 
the alloy with high (0.59 wt pet) oxygen concentration the 
a" phase was suppressed (Figures 6 and 7(c)), and the al- 
loy's structure remained bec after quenching. This result is 
surprising considering that oxygen is an alpha-stabilizing 
element. One would have assumed that oxygen would 
destabilize the bec beta phase and promote the formation 
of alpha or of some intermediate phase between beta and 
alpha, such as a". But instead, oxygen suppresses a" in 
favor of beta. 

Aging at 350 °C for 100 hours causes most of the a" 
phase to disappear from the STQ samples. The bec beta 
phase is established, and weak reflections of alpha and 
omega precipitate phases are present in Figure 6. The two 
phases appear only in the alloys with low oxygen concen- 
trations, and are suppressed in the alloy with 0.59 pet oxy- 
gen. Other investigators 43,44 also have found that during low 
temperature aging the formation of omega phase was slowed 
down as the oxygen content was increased from 0.065 pet 
to 0. 15 pet, consistent with the present result. 

After aging at 550 °C for 50 hours, alpha phase has pre- 
cipitated in the beta alloys. The alpha peaks are well defined 
in the X-ray diffraction spectra of Figure 6. Optical micro- 
graphs of the beta alloy, aged at 550 °C for 50 hours, are 
shown in Figure 8. Although the resolution is limited, con- 
tinuous arrays of alpha precipitates are visible along the beta 
grain boundaries. They are confirmed by TEM in Figure 18. 

B. Hardness as a Function of Oxygen Concentration and 
Heat-Treat Condition 

The hardening by oxygen of the alpha and beta alloys is 
shown in Figures 9(a), (b), and (c). Surprisingly, the oxy- 
gen's hardening effect is the same in alpha and beta alloys 
for all heat-treat conditions. The hardening is best described 
by a square root dependency on oxygen concentration [O]: 




( C ) 50pm 



Fig. 4 — Optical micrographs of alpha alloy with 0.20 pet oxygen. The 
microstructure is similar for all conditions: (a) STQ from 860 °C, (b) aged 
at 350 °C for 100 h, and (c) aged at 550 °C for 50 h. 

H = rY r +fc[0] ,/2 [2] 

where H T is the hardness of oxygen-free alloy, obtained by 
extrapolation of data to zero-oxygen concentration, b is a 
constant, and [O] is oxygen concentration in weight percent. 
H T depends on heat treatment only. For the alpha alloy, H T 
varies only slightly for different heat-treated conditions, but 
for the beta ailoy it depends strongly on heat treatment. 
Table III shows values of H Ti and of the coefficient b, 
evaluated from linear regression analyses of the hardness 
data. The correlation coefficients r are near unity, which 
means the parabolic relationship between hardness and oxy- 
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Fig. 5 — Electron diffraction patterns of the alpha alloy of zone axis z=[2110]. (a) There are no Ti 3 Al reflections in the solution- treated and quenched 
condition- But after aging at 550 °C for 50 h, reflections of Ti 3 Al precipitates appear, as shown in (b) and (c) for alloys with 0.07 and 0,65 wt pet [0].-The 
intensities of Ti 3 Al increase with increasing oxygen concentration. This is evident from the densitometer traces of diffraction intensities in id). The 
lensitometer traces were taken along the path indicated by the dashed line in (e). 



Table HI. Values of the Coefficients H T and b in 
Equation [2], Determined by Linear Regression of 
the Hardness Data, and Correlation Coefficient r 





Ht 

.MPa 


b 
MPa 
(wt pet [0]) 1/2 


r 


Alpha Alloy Ti-6A1-2V 








STQ from 840 to 940 °C 


2160 


2570 


1.0000 


Aged at 350 °C for 100 h 


2390 


2270 


0.9970 


Aged at 550 °C for 50 h 


2620 


1730 


0.9938 


Beta Alloy Ti-2AM6V 








STQ from 950 °C 


1300 


2590 


0.9890 


Aged at 350 °C for 100 h 


3750 


2010 


0.9988 


Aged at 550 °C for 50 h 


2420 


1810 


0.9830 



gen concentration is closely followed in both alpha and beta 
alloys. Note, the quenched beta alloy is much softer than the 
alpha alloy, whereas after aging hardness can be consid- 
erably higher than that of alpha. 

From the plots of hardness vs aging time in Figure 10, it 
is evident that the alpha alloy is not age-hardenable. The 
hardness values remain constant (i.e., H T = const.) during 
aging. The 0.65 pet oxygen alloy is an exception. Its hard- 
ness decreases slightly during aging at 550 °C. The reason 
for the latter can only be speculated on. We believe that it 
may be due to reduction of the uniform oxygen concen- 
tration by segregation to boundaries or to Ti 3 Al precipitates. 
Also, the scatter of the hardness data of the 0.65 pet oxygen 
alloy is much greater than that of the other alloys, with an 
average standard deviation of 170 MPa vs 82 MPa and 
75 MPa for the alloys with 0.20 pet and 0.07 pet oxygen, 
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Fig. 6 — X-ray diffraction spectra of beta alloy Ti-2Al-16V with different 
oxygen contents and in different heat- treatment conditions. In the STQ 
condition the alloys with 0.13 and 0.20 pet oxygen contain a large amount 
of a" martensite phase. This phase is suppressed in the alloy with 0.59 pet 
oxygen. New precipitate peaks appear upon aging. 

respectively. The increased scatter may be an indirect con- 
sequence of oxygen segregation. 

The hardness of the beta alloy Ti-2Al-16V is strongly 
affected by heat treatment (Figure 11). During aging at 
350 °C the hardness increases steadily with increasing aging 
time, and at 550 °C typical aging-overaging behavior is 
obtained. 




(c) 400|jm 
i i 

Fig. 7 — Optical micrographs of polished and etched beta alloy in the STQ 
condition. The alloys with 0.13 pet {a) and 0.20 pet (b) oxygen have a" 
martensite, but the alloy with 0.59 pet oxygen (c) contains no martensite 
and has remained bec beta. 



The question of what influence oxygen has on age- 
hardening is of interest. In Figures 10 and 11 the hardness 
differential caused by oxygen is little affected by aging. For 
the alpha alloy, this has been taken as an indicator of no 
significant rearrangement of oxygen, with oxygen atoms 
assumed to be dispersed as a solid solution. However, the 
superdislocation pairs in Figure 3(b) indicate otherwise, 
namely that oxygen ordering does exist. The amount of 
order-hardening is not known. Conceivably, it is too insig- 
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00 




(c) id) 

Fig. 8 — Optical micrographs of the beta alloy aged at 550 °C for 50 h. Hie oxygen concentrations are (a) and 
(b) 0.13 pet, (c) and (d) 0.59 pet. Note that alpha precipitates have formed along the grain boundaries, as 
confirmed by TEM, Fig. 18. 

nificant or indistinguishable from solution hardening to 
exert a measurable effect on the hardness. 

The strengthening of the aged beta alloy is due to precipi- 
tates and due to change of the crystal structure, as indicated 
by the X-ray data. The structure of the beta alloys with 0. 13 
and 0.20 pet oxygen changed from orthorhombic (a") in the 
quenched condition to bec during aging. With regard to the 
precipitates formed during aging, the coarsening of alpha 
precipitates at 550 °C accounts for the overage-softening 
after an initial hardening period. Age-hardening at 350 °C is 
more complicated because of the precipitation of very fine 
particles of alpha and omega. 



C. Hardness Comparisons 

The hardness data of the separate alpha and beta alloys 
may be compared with those of the (a + /3) Ti-6A1-4V 
alloy. 45 This is done in Figure 12 for several heat-treatment 
conditions of Ti-6A1-4V and for rule of mixture curves of 
the separate alloys. 

^mixture = fa ' H a ■+ fp ' Hp [3] 

f a and/p are phase volume ratio fractions (see Figure 1). H a 
and Hp are the hardnesses of the separate alpha and beta 
alloys with the appropriate heat treatments (Figures 9(a), 
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Fig. 9— The hardness of the Ti-6Al-2V and Ti-2Al-16V alloys has a 
square root dependency on oxygen concentration. The same dependency is 
observed for different heat-treatment conditions: (<z) solution-treated and 
water quenched (STQ) from 840 to 940 °C for the alpha alloy, and from 
950 °C for the beta alloy, (b) Aged at 350 °Cfor 100 h, (c) aged at 550 °C 
for 50 h. 



(b), and (c)). The comparisons can only be approximate, 
because the fixed compositions of the separate alpha 
(Ti-6A1-2V) and beta (Ti-2Al-16V) alloys cannot duplicate 
the varying phase compositions of Ti-6A1-4V (Figure 1), 
except for certain heat-treatment conditions. The 700 °C 
STQ and the long-time 550 °C-aged Ti-6A1-4V samples 
(and furnace-cooled samples in industrial applications) are 
reasonably well approximated by the separate, fixed alloy 
compositions, but for most other heat treatments the chemi- 
cal compositions of the phases in Ti-6A1-4V are signifi- 
cantly different. With this in mind, the data in Figure 12 can 
be interpreted: From the slopes of the curves it is clear that 
the hardening potential of oxygen is the same in the two- 
phase and in the single phase alloys even when the substi- 
tutional element concentrations do not match. A comparison 
of the absolute values is not meaningful because of the 
varying chemical compositions of a and /3 phases in Ti- 
6A1-4V (solution-strengthened) and because grain- or 
phase-boundaries and alloy morphology can make contri- 
butions to the hardness which were not studied here. There 
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Fig. 10 — (a) The alpha alloy Ti-6A1-2V is hardened by oxygen with a parabolic relation, (b) and (c) Aging does not produce additional hardening, 
irrespective of aging temperature and oxygen concentration. The hardening effect of oxygen remains essentially constant for all heat treatment conditions, 
except for the highest oxygen concentration of 0.65 wt pet the hardness decreases slightly with aging time. 
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Fig. 11 — (a) The beta alloy Ti-2AM6V in STQ is hardened by oxygen with a parabolic relation, (b) and (c) Additional hardening is obtained from aging. 
The hardening effect of oxygen remains essentially constant for all heat treatments. Only for the highest oxygen concentration of 0.59 wt pet there is a slight 
deviation from this rule during aging at 550 °C, in that the oxygen effect is diminished. 



is also a possibility that oxygen is partitioned between the 
phases in the two-phase alloy. The present results do not 
provide insight into oxygen partitioning. 

In summary, oxygen hardens alpha and beta the same. 
The square-root dependency on concentration indicates 
solid solution strengthening as the mechanism. Ordering of 
oxygen in an interstitial sublattice does not change the para- 
bolic dependency. With regard to the sensitivity to heat 
treatment, the alpha alloy is essentially not age-hardenable, 
whereas the beta alloy is significantiy age-hardened. From 
these results we conclude that the hardness increase of aged 
Ti-6A1-4V alloy is to a large degree controlled by the hard- 
ening of the beta phase instead of the alpha phase, in agree- 
ment with Lasalmonie et al. 19 

D. Overview of Hardening Mechanisms 

The data provide a partial, but important picture of the 
hardening mechanisms contributing to the strength of 
(a + fi) titanium alloys. The mechanisms are solid solution 
hardening by interstitial oxygen in both alpha and beta, 
oxygen order in alpha, and precipitation in beta. To put the 



present work into perspective, an overview of all hardening 
mechanisms in alpha, beta, and in (a 4- f$) alloys is given 
in Table IV. For some of the mechanisms reference has been 
made to data in this work. For other hardening mechanisms, 
reference has been made to literature. 45 " 61 In the sim- 
plest case the hardening mechanisms are additive. 62 There 
exist experimental data 72 to justify this assumption. But, if 
the strengthening mechanisms are interdependent, simple 
superposition does not take place. For example, work- 
hardening is very significant (designation M in Table IV) in 
alloys with yield strengths of less than 800 MPa, but not 
much work-hardening takes place when other hardening 
mechanisms have pushed the yield strength to a high level 
to begin with. When a mechanism produces only minor 
hardening, the designation m has been used in Table IV; see 
also the footnote at Table IV. 

Metastable phases of beta are obtained after solution- 
treatment and quenching 16 of vanadium-containing Ti- 
alloys, as well as in alloys with other transition metals. They 
deform readily by stress-induced martensitic transforma- 
tion, 16 - 63 thus making the alloys much softer than would be 
expected from solid solution-hardening by the alloy ele- 
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Oxygen concentration 

1.0 2.0 3.0 at% o 



Oxygen concentration 

1.0 



0.4 0.6 0.8 i.o wt% 



© TH6AI-4V alloy, STQ from 700°C 

» Ti-6AI-4V alloy, STQ 

from selected temperatures 
for minimum hardness, cf. Ref. 34. 




Rule of mixture of separate alloys: 
80% alpha and 20% beta, each STQ 



2.0 3.0 at% 0 

0.2 0.4 0.6 0.8 1.0 Wt% 
<«► Tt-6AI-4V alloy, aged at 350 °C 




Rule of mixture of separate alloys: 
88% alpha and 12% beta, 
each aged 100h at 350°C. 



Oxygen concentration 

t.o 2.0 3.0 at% 

r ■— J r-t— | , ,1, 1 , 

0:2 0.4 0.6 0.8 1.0 Wt% 



a TH6A1-4V alloy, aged at 550^ 




Rule of mixture of separate alloys: 
85% alpha and 15% beta, 
each aged 50h at 550 °C. 



0.2 0.4 0.6 0.8 1.0 

(Wt% Oxygen) 1 ' 2 



0.2 0.4 0.6 0.8 1.0 

(Wt% Oxygen) " 2 



0.2 0.4 0.6 0.8 1.0 
(Wt% Oxygen) 1 ' 2 

(c) 



(a) (b) 

Pi g 12 Comparison of hardness data of two-phase, lamellar Ti-6A1-4V with rule of mixture curves determined from separate alpha (Ti-6A1-2V) and beta 

(Ti-2A1- 16V) alloys. The volume fractions for the mixtures are based on Fig. 1 . The dependencies on oxygen concentration are shown for (a ) solution-treated 
and quenched (STQ) conditions, (b) 350 °C-aged condition, and (c) 550 °C-aged condition. 



ments. Mechanical softening due to phase metastability is a 
frequently encountered phenomenon 64 in metal alloy and in 
ceramic systems. 

The strengthening potential of substitutional alloys has 
been amply documented in alpha-titanium, 1,2 ^ 8 * 49 but only a 
few references exist for beta-titanium, presumably be- 
cause of the difficulty of distinguishing the effects of solid- 
solution-hardening and metastable-phase-softening. 

The solid-solution-hardening by interstitial oxygen has 
been addressed in this paper and in some previous refer- 
ences. It is clear that relatively modest oxygen concen- 
trations, compared to substitutional alloy concentrations, 
make major contributions to the alloys' hardnesses. There is 
also the superdislocation evidence for oxygen-order in alpha- 
titanium (Figure 3). However, at present, we are unable to 
say what contribution such ordering might make to the hard- 
ness. The superdislocation pairs have a-character, and can 
slip in principle on pyramidal, prism, and basal planes. 
However, if the oxygen order suppresses c-component 
slip, 65 this would explain the severe embrittlement of alpha- 
titanium by oxygen. This possibility is the subject of further 
investigation. 45,66 

Precipitation-hardening is another major contributor to 
the strength of beta- and of (a + (3) alloys. It is easily 
controlled by heat treatment. The hardening of alpha- 
titanium by Ti 3 Al precipitates appears to be of minor signifi- 
cance (see 550 °C-aged samples in Figures 10 and 13), but 
the hardening of the beta phase by alpha, and in some 
instances by omega precipitates, is very significant. 

Hardening due to refined grain size, lamella size, or 
lamella packet size must be mentioned. The materials in the 



present study were all coarse-grained or coarse-lamellar 
with alpha-lamella widths of 10 to 50 /xm, lamella packets 
of 500 to over 1000 /xm, and beta grain size of 200 to 
500 /Ltm. It is clear that there is much room for Hall-Petch 
hardening by grain refinement. 56 - 57 ' 59 There exists a large 
body of literature on thermal-mechanical processing to ob- 
tain desired lamella or equiaxed microstructures 50 ' 58 ' 67 " 72 for 
optimization not only of strength and ductility but of fracture 
toughness and fatigue resistance as well. 55 ' 59,73 " 77 Broadly 
speaking, it appears that Hall-Petch relations are obeyed for 
boundaries across which there is a major change of slip 
orientation, such as grain boundaries or phase boundaries in 
equiaxed alloys. Also, lamella packet boundaries fit this 
criterion, whereas lamella boundaries and the width of 
lamellae inside a packet seem to play a subjugated role 
because packets often behave like a single crystal. 

The strain-rate (i pl ) effect on the strength of alpha and 
(alpha + beta) titanium alloys has been investigated by 
Monteiro et al. 60 and Meyer 61 covering the range of 10" 5 to 
10 4 s" 1 . The hardening is 30 to 50 MPa per order of mag- 
nitude increase of e p i , but is significantly higher at very high 
strain rates of the order of 10 3 s~* and up. 61 . In the present 
investigation the strain rates were much lower, order of 
10" 4 s" 1 in tensile tests. The strain rates in micro-hardness 
indentations are difficult to estimate but are most certainly 
below KT 1 s"'. 

E. Tensile Properties 

1. Alpha Alloy: The tensile stress-strain curves of speci- 
mens with 0.07 pet oxygen are shown in Figure 13(a). They 
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Table IV. Overview of Mechanisms Contributing to the Hardness of 
Alpha, Beta, and Alpha + Beta Titanium Alloys at Room Temperature 



Contribution to Hardness 



Alpha Alloy 



Beta Alloy 



Hi Intrinsic lattice flow stress 
H„ h Working hardening 

Hmp Metastable phase 



H ss .s Solid solution hardening due to 
substitutional alloy elements 

H ssj Solid solution hardening due to 
interstitial elements 

H oi Ordering of interstitial (oxygen) 
atoms 

H ppt Precipitation hardening: 

-Ti 3 Al in alpha > 



-a, (o in beta - 



m, Refs. 1,2 
m/M, Fig. 13, this 
work. Refs. 2,46 



M, Refs. 1,2,48 to 50 

M, Figs. 9, 10, 13, this 

work. Refs. 2, 52 
(m/M)?, Fig. 3, this work 



m, Figs. 5, 10, 13, this 
work. Refs. 13, 14, 
53,54 



H b Boundary hardening (Hall-Petch) M, Refs. 56, 57 
-Grain boundaries 
-Lamella packet boundaries 
-Lamella boundaries within 

a packet. (Phases are 

B urgers-orientation 

related) 

-Phase boundaries in equiaxed 
two-phase alloys (do not have 
Burgers-orientation relation) 
Hsr Strain rate effect Ref. 60 



no data 

m/M, Fig. 15, this 

work, Ref. 17 
M, softening due to 

metastable {3 or or", 

Fig. 15 and Refs. 15 

to 18 
(**) Ref. 51 

M, Figs. 9,11,15, 

this work, 
no data 



no data 



M, Figs. 6,8, 11, 12, 
15, 18, this work. 
Ref. 46 

Ref. 58 



no data 



Alpha + Beta Alloy 

(*) Ref. 8 

m/M, Refs. 13, 14 

M, softening due to 
metastable /3 or a", 
Refs. 15 to 18,47 

M 

M, Fig. 12, this 

work. Refs. 14, 17 
no data 



M, Refs. 13, 14,28, 
33,46 



M, 



Ref. 59 



Ref. 61 



M: Major contribution, e.g., Vickers hardness changes of over 600 MPa, or yield strength changes of over 200 MPa. 

m: Minor contribution, e.g., Vickers hardness changes of less than 600 MPa, or yield strength changes of less than 200 MPa. 

(*) Solution-hardening by. alloy elements included, otherwise a two-phase alloy cannot be obtained at room temperature. 

(**) Solution-hardening of beta by elements such as vanadium is often compensated in a major way by lattice softening due to metastability of the beta 
or a" phase. Thus, the extent of solution-hardening cannot be assessed. 
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Fig- 13 — Tensile stress-strain curves of alpha Ti-6A1-2V alloys in 
quenched (STQ) and aged conditions, (a) The specimens with low oxygen 
concentration have good ductility for all heat-treatment conditions, (p) The 
specimens with high oxygen concentration fractured brittly before the yield 
stress was reached, regardless of heat-treatment condition. The yield 
strengths of the brittle tensile samples can be estimated from hardness data 
(cf. Fig. 14), and are indicated in (b) for the purpose of comparison. 



show similar ductilities for the STQ and the aged conditions, 
with the STQ condition being softest and having the highest 
ductility. Although the hardness results of the alpha alloy 
were unaffected by heat treatment (Figure 10), the more 



sensitive tensile tests reveal yield strength increases by as 
much as 22 pet. This increase may be due to Ti 3 Al precip- 
itation (Figure 5) and/or oxygen rearrangement. An im- 
portant result of Figure 13(a) is that the ductility of alpha is 
not sensitive to heat treatment. Oxygen, however, severely 
embrittles the alpha alloy (Figure 13(b)). 

The yield strength of the alloys with 0.65 pet oxygen 
could not be measured directly because the samples failed in 
a brittle manner before yielding was reached. An estimate of 
the tensile yield strengths of the brittle samples may be 
obtained from the hardness data. A linear relation between 
hardness and yield strength is often assumed with a propor- 
tionality factor of about 3, 62,78,79 except for materials whose 
work-hardenability is appreciable. Better, an extrapolation 
of measured yield strength vs hardness data can be used, as 
in Figure 14, to infer the tensile yield strengths of the speci- 
mens with hardness of greater than 3500 MPa. The inferred 
yield strengths are also shown in Figure 13 for comparison. 

2. Beta Alloy: The tensile behavior is very different from 
that of the alpha alloy. In the STQ condition the alloy with 
the lowest oxygen concentration (0.13 pet) is very soft. 
Its yield strength is only 311 MPa, and it has high ductil- 
ity with an elongation of 32 pet in a 25 mm gage length 
(Figure 15(a)). Higher oxygen concentration (0.59 wt pet) 
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Fig. 14 — Relations between Vickers hardness and yield strength for (a) alpha alloy, (b) beta alloy. The extrapo- 
lations of the linear regression lines were used to infer yield strengths of those samples which failed brittlely 
in tension. 



produces increased yield strength (690 MPa) and reduced 
ductility of about 5 pet elongation (Figure 15(d)). But it 
does not embrittle the beta alloy. Aging, on the other hand, 
not only strengthens the alloy, but also reduces its ductility 
to very small values (curves b, c, e, and f in Figure 15). 
Because of brittle fracture the tensile yield strengths of the 
aged alloys could not be measured directly. Again, yield 
strengths inferred from hardness data (Figure 14(b)) are 
shown in Figure 15 for comparison. 

In summary, heat treatment has a large effect on the 
strength of the beta alloy. The precipitation of alpha (and 



to some extent of omega particles) is responsible for the 
strength increase and for the embrittlement of the aged 
specimens. Oxygen strengthens beta equally as much as 
alpha. Oxygen in high concentration reduces the ductility of 
beta but not to the extent of embrittlement. 

F. Fracture Surface 

1. Alpha Alloy: Characterization of tensile rupture sur- 
faces by SEM confirmed the ductile fracture mode of the 
alpha alloy with 0.07 pet oxygen. A cellular dimple struc- 
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Fig. 15 — Tensile stress-strain curves of beta Ti-2Al-16V alloys in quenched (STQ) and aged conditions. In the 
STQ condition both the low-oxygen and the high-oxygen alloys are ductile. The extremely low yield strength 
(Y.S.) of the quenched alloy with 0.13 wt pet [O], is due to metastable /8/a" phases. 16 In the aged conditions 
the specimens generally fractured (indicated by x) before macroscopic yielding occurred. The yield strengths of 
these samples were inferred from hardness data (cf. Fig. 14), and are shown for comparison. 
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(a) 





(c) 



if) 



Fig. 16— SEM fractographs of alpha alloys, Ti-6A1-2V, ruptured in tension at room temperature, (a) 0.07 pet [O], STQ, ductile, 
(b) 0.07 pet [O], aged at 350 °C for 100 h, ductile, (c) 0.07 pet [O], aged at 550 °C for 50 h, ductile, (d) 0.65 pet [O], STQ, 
brittle, (e) 0.65 pet [Q], aged at 350 °C for 100 h, brittle, and (/) 0.65 pet [O], aged at 550 °C for 50 h, brittle. 



ture, characteristic of ductile deformation, appears in the 
STQ arid the aged conditions (Figures 16(a), (b), and (c)). 
The alpha alloy with 0.65 pet oxygen, on the other hand, 
fractured in a brittle mode for each of the heat-treatment 
conditions (Figures 16(d), (e), and (f)). The fracture path 
appears to be intergranular along lamella boundaries or 
cleavage across lamellae. There are no signs of plastic 
deformation. 

2. Beta Alloy: The tensile rupture surfaces of the beta 
alloy are shown in Figure 17. In the STQ condition the 
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fractures are ductile at low and high oxygen concentrations 
(Figures 16(a) and (d)). The cellular dimple structure is 
evidence of good ductility. In the aged conditions, however, 
the fracture mode changed to completely brittle. In the 
350 °C-aged alloys the fracture is brittle transgranular 
(Figures 17(b) and (e)). In the 550 °C-aged alloys the frac- 
tures are brittle intergranular with occasional transgranular 
paths (Figures 17(c) and (f)). Intergranular fracture is be- 
lieved to be caused by the presence of a layer of alpha 
precipitates along beta grain boundaries, as observed by 
optical microscopy and TEM (Figures 8 and 18). 
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(a) (d) 




(c) if) ■ 

Fig. 17 — SEM fractographs of beta alloys, Ti-2AI-16V, ruptured in tension at room temperature, (a) 0.13 pet [O], STQ, ductile, 
(b) 0. 13 pet [O], aged at 350 °C for 100 h, brittle transgranular, (c) 0. 13 pet [O], aged at 550 °C for 50 h, brittle intergranular and 
transgranular, (d) 0.59 pet [O], STQ, ductile, (<?) 0.59 pet [O], aged at 350 °C for 100 h, brittle transgranular, and (/) 0.59 pet 
[O], aged at 550 °C for 50 h, brittle intergranular and transgranular. 

The hardening potential of oxygen is little affected by 
heat treatment. 

Oxygen at a level of 0.65 wt pet embrittles the alpha 
alloy. Brittle fracture occurs along lamella boundaries 
and by cleavage through the lamellae. 
Although there is no evidence of oxygen ordering from 
X-ray diffraction, TEM reveals superdislocation pairs in 
alpha alloy with 0.65 pet oxygen, indicating the exis- 
tence of oxygen-order. No such superdislocation pairs 
were found in specimens in which there was diffraction 
evidence of Ti 3 Al. 
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IV. CONCLUSIONS 

Microstructural, diffraction, and mechanical evaluation 
of separate alpha and beta titanium alloys were conducted to 
provide a better understanding of the effects of interstitial 
oxygen and of heat treatment on the strengths and ductilities 
of these alloys. The effects are summarized below. 

A. Oxygen Effects 

1. Oxygen hardens the alpha and beta alloys to the same 
degree with a square root dependency on concentration. 
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Fig. 18 — TEM photograph of beta alloy with 0.59 pet oxygen, aged at 
550 °C for 50 h. A continuous sheath of alpha precipitates has formed 
along a grain boundary. This precipitation is believed to be responsible for 
the brittle intergranular fractures shown in Figs. 17(c) and (f). Small alpha 
precipitates exist also inside the beta grains. The insert shows a [lll]-beta 
iiflraction pattern superposed by several a -patterns of [21 10] and [21 13] 
zone axes. Compare also with Fig. 8(b). 

4. Oxygen enhances Ti 3 Al precipitation during aging. 

5. The homogeneous beta alloys are metastable at room 
temperature. In the STQ condition they are mostly in the 
form of the orthorhombic a" martensite phase. At high 
oxygen concentration (0.59 wt pet) the orthorhombic a" 
is suppressed in favor of P . 

6. Oxygen reduces the ductility of the beta alloy, but it does 
not embrittle the alloy even at a concentration as high as 
0.59 wt pet. 

B. Aging Effects 

1. Aging at 550 °C produces traces of Ti 3 Al precipitation 
in the alpha alloy. Nevertheless, the alpha alloy is 
only weakly age-hardened. Aging does not embrittle the 
alpha alloy. 

2. Alpha and omega precipitates form during low tem- 
perature (350 °C) aging in the beta alloy. At higher 
aging temperature (550 °C) only alpha precipitates are 
formed. The precipitates are responsible for strong age- 
hardenability of the beta alloy. 

3. Aging embrittles the beta alloy and causes transgranular 
fracture after 350 °C aging and mostly intergranular frac- 
ture after 550 °C aging. The latter is due to decoration of 
grain boundaries with alpha precipitates. 

4. In the STQ condition the beta alloy is softer than alpha, 
but after aging the hardness of beta can significantly 
exceed that of alpha. 

The strengths and ductilities of the isolated alpha and 
beta alloys and the effects of oxygen and heat treatment 
have been shown to be of direct relevance for the two- 
phase Ti-6A1-4V alloy. There is good agreement for the 
dependency of hardness on oxygen level between rule of 
mixture curves and Ti-6A1-4V data. This agreement holds 
for several heat-treatment conditions. The microstructural 
characteristics of the alpha and the beta alloys and their 
responses to increased oxygen concentration or to aging 
treatments have been correlated with tensile and hardness 
properties. These correlations also provide consistent expla- 
nations of the property changes of the Ti-6A1-4V alloy. 
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